magnitude than the diabetes-associated mortality among younger adults. This excess mortality is found particularly for cardiovascular causes of death, but also for all-cause and noncardiovascular death [1, 3, 6, 8, [10] [11] [12] [13] . It remains unclear if the effect of diabetes on mortality is still present when multiple comorbidities and competing mortality risks, particularly cardiovascular conditions, are taken into account, or if an effect of diabetes on mortality is related to level of hyperglycaemia.
Older adults with multiple chronic conditions and functional limitations represent a rapidly growing population with a high prevalence of diabetes. Management of diabetes, particularly of hyperglycaemia, remains controversial in this group. Their morbidity and mortality may be more attributable to accumulated effects of hypertension and cardiovascular diseases; any independent effect of diabetes on mortality might be insignificant due to competing comorbidities related or unrelated to diabetes. No studies have evaluated a population of older adults with extensive comorbidities and disabilities to determine if diabetes continues to be associated with excess mortality after accounting for vascular diseases and other competing mortality risks.
Nor is it known whether diabetes-related mortality is related to level of hyperglycaemia in older people with complications and comorbidities. Recently, Khaw and colleagues reported that in a cohort of European men aged 45-79 years, increasing glycated haemoglobin explained much of the excess risk of mortality due to diabetes [14] . If severe hyperglycaemia were responsible for the independent effect of diabetes on mortality in older disabled women, that would suggest a continuing adverse effect of hyperglycaemia even in the presence of diabetes complications and comorbidities, raising the question of whether hyperglycaemia management would affect mortality risk.
This study used data from a population-based prospective study of moderately and severely disabled women living in the community, The Women's Health and Ageing Study I (WHAS I) [15] to test two hypotheses: (i) that older disabled women with diabetes have an increased risk of mortality compared with those without diabetes, even after cardiovascular risks, comorbidities, and other mortality risks are taken into account; and (ii) that this independent risk is found in women with severe hyperglycaemia rather than those with mild or moderate hyperglycaemia or normoglycaemia. In addition, because vascular disease is thought to be a leading cause of the increased mortality risk in diabetes, we compared risk for cardiovascular and non-cardiovascular mortality in older disabled women with and without diabetes.
Methods
Data were from the baseline and mortality surveillance followup data of the WHAS I. WHAS I is a prospective study of 1002 community-dwelling women in the Baltimore area aged ≥ 65 years who were moderately to severely disabled at baseline. The study was conducted by the Johns Hopkins Medical Institutions and was sponsored by the Epidemiology, Demography and Biometry Program of the National Institute on Aging. Subject sampling and recruitment has been described [15] . An age-stratified random sample of women ≥ 65 years was screened to identify the 1/3 most disabled women living in the community. Eligibility was determined by self-reported difficulty in tasks in two or more domains of functioning (of four domains [16] ) and no significant dementia [Mini-Mental State Examination (MMSE) score of 18 or greater] [17] . Standardized baseline evaluations, interviews and physical examinations were done in the homes of the participants (instruments used and data collected have been published [15, 18] ). Blood samples were obtained from 784 subjects, processed, placed on ice and sent the same day to the Quest Diagnostic Laboratories in Teterboro (NJ, USA). Because our research concerned a measure of glycosylated haemoglobin (GHB), our sample was restricted to those women for whom baseline bloods were available within 90 days of the baseline evaluation, and the same laboratory technique was used (576, see details below). Participants who did not provide blood samples were older and had more disability in activities of daily living but were not different in body mass index (BMI) or number of chronic diseases. The study was approved by the Institutional Review Board of the Johns Hopkins Medical Institutions and all participants gave informed consent.
Variables and their measurement

Diabetes and comorbidities
Diabetes was ascertained at baseline using a specific standardized algorithm [19] that utilized data from multiple sources. Sources included the baseline interview, a standardized nurse's examination in the home, and medications based on review of medication bottles, non-fasting blood test results, medical records, and questionnaires sent to the participant's primary care physicians, and have been previously described [20] . Four baseline diabetes status variables were defined: (i) no diabetes ( n = 465); (ii) diabetes with mild hyperglycaemia, lowest tertile (approximate) of elevated GHB among women with diabetes [GHB < 9.6, n = 41 (see below for details of GHB determination)]; (iii) diabetes with moderate hyperglycaemia, middle tertile (GHB between 9.6 and 11, n = 40); and (iv) diabetes with severe hyperglycaemia, GHB ≥ 11% (top tertile of GHB, n = 33). (Note that the GHB test, as discussed in detail below, is not the same as HbA 1c used currently. Also, the tertiles are approximate due to similar GHB values among some women.)
Disease-specific algorithms using data from the multiple sources noted above were also used to evaluate the effect of diseases associated with mortality: both related to diabetes and atherosclerosis [congestive heart failure (CHF), myocardial infarction (MI), angina, stroke] or unrelated (respiratory conditions, cancer). Peripheral arterial disease (PAD) was assessed by the ankle-brachial index, measured using a Doppler stethoscope (Parks Model 841-A). An ankle-brachial index value < 0.9 was considered diagnostic [21] .
Other baseline covariates
Other variables related to diabetes complications, mortality and mortality risk were obtained at baseline evaluation and used as covariates. Demographic variables included age and race (African-American vs. not). Socioeconomic status was measured by educational attainment (8th grade vs. greater) and income (lowest tertile). Variables associated with risk of mortality included: BMI, measured during baseline physical evaluation and categorized into three levels (overweight = BMI 85th percentile or above, thin = BMI 15th percentile or below vs. all others [20, 22] ), smoking (currently smoking /quit within the last year vs. other); cholesterol level (only non-fasting was available; this was categorized into high > 6.2 and low < 4.9) [23] and hypertension. Depressive symptoms (14 depressive answers out of 30 on the Geriatric Depression Scale [24, 25] ) and cognitive performance in the lowest quartile (score of 18-25 on baseline Folstein MMSE) were also evaluated.
Glycosylated haemoglobin determination
Non-fasting glycohaemoglobin (GHB) was measured using low-pressure cation exchange chromatography (reference range 5-8.6%; 765 Glycomat, Palo Alto, CA, USA). This particular measure is available for 576 of the 631 women with baseline blood tests because the laboratory technique was changed as baseline evaluations were being completed. Our final study sample is therefore restricted to these 576 women. Although this 1993 glycosylated haemoglobin measurement cannot be directly referenced to measures used in the DCCT [26] , the reference values for this test are available (5-8.6%). Of women with adjudicated diabetes, values ranged from 8 to 20%; women with diabetes were categorized as having mild, moderate or severe hyperglycaemia based on GHB level as described above.
Mortality follow-up
Vital status has been determined through 1999 using follow-up interviews with proxies, obituaries, and matching to the National Death Index (women who died among our study sample = 177). For all women, this was between 5 and 6 years after study entry. Death certificates have been obtained for all but eight of these decedents. Cause-specific mortality was based on the underlying cause of death coded according to the International Classification of Diseases as any cardiovascular mortality (codes 390 -459; 81 deaths) or all other mortality (88 deaths) [27] .
Statistical analysis
Standard descriptive techniques were used to study the demographic and health-related characteristics of the study sample by baseline diabetes status (i.e. no diabetes, diabetes with mild, moderate and severe hyperglycaemia). Differences among these groups were evaluated for significance by ANOVA (for continuous variables) and Wilcoxon rank sum test for trend (for categorical variables) [28] .
Kaplan-Meier analysis was used to study the age-adjusted survival function of the sample. In this analysis, the mild and moderate groups were combined and the analysis compared survival in those without diabetes with two other groups: a combined group with mild/moderate hyperglycaemia, and the group with severe hyperglycaemia. This was done to test specifically the impact of severe hyperglycaemia on survival.
Cox proportional hazard regression models were then used to evaluate the HR for mortality according to baseline diabetes status, adjusting for covariates described above. These models estimated the effects of baseline diabetes status as measured by four analytic groups (i.e. no diabetes, diabetes with mild, moderate or severe hyperglycaemia) in order to investigate further the role of mild and moderate, as well as severe hyperglycaemia. Adjustment for confounding covariates on mortality was done by adding sequentially entered blocks of variables to the regression model: (i) demographic risk factors; (ii) demographic factors plus variables potentially related to general mortality risk (smoking, high and low cholesterol levels, high and low BMI, hypertension); (iii) the measures in (ii) plus adjudicated comorbid diseases in the pathway from diabetes to mortality (stroke, cardiac disease, PAD); the measures in (iii) plus competing causes of death (respiratory disease, cancer) and confounders (lower cognitive score, depressive symptoms). The proportional hazard assumption was tested by creating a time-dependent binary 'phase' variable indicating different follow-up periods (0 = 0 through ≤ 3 years; l = ≥ 3 through 6 years). Then we added a phase main effect variable and variables for the interaction between the phase and baseline diabetes/hyperglycaemia status to the fully adjusted model.
To evaluate the HRs for cardiovascular and non-cardiovascular mortality, the mild /moderate groups were again combined due to the small number of deaths. Separate models were run for each of these two causes of death, treating cases with the other cause as censored cases. All models are adjusted for the covariates described in the preceding paragraph.
The statistical programs used were SAS Version 8 (SAS Institute Inc., Cary, NC, USA) [29] for data management and Stata Version 7 (StataCorp LP, College Station, TX, USA) [30] for data analysis. Table 1 shows the baseline demographic and health-related characteristics of the study participants by diabetes status. Across the four groups, from no diabetes, to diabetes with mild or moderate hyperglycaemia, to diabetes with severe hyperglycaemia, there were significant trends of decreasing age, increasing BMI, and increasing GHB. Among women with diabetes, there was a significant trend of increasing oral hypoglycaemic medication use, and women with moderate and severe hypoglycaemia were more likely to use insulin. Those with severe hyperglycaemia reported longer diabetes duration than the other two groups.
Results
There was no significant difference in the prevalences of most chronic diseases by glycohaemoglobin level among those with diabetes. In general, one or several of the diabetes groups had higher prevalences of hypertension, MI, stroke, PAD and depressive symptoms than those without diabetes, but there were no significant trends in this sample. Respiratory diseases, cancer and lower MMSE scores showed no significant trend in prevalence among the groups.
The age-adjusted survival for three analytical groups is displayed in the Kaplan-Meier survival curve in Fig. 1 . Diabetes groups with mild and moderate hyperglycaemia were combined in this analysis. Diabetes with mild /moderate hyperglycaemia and particularly diabetes with severe hyperglycaemia were all associated with decreased survival, compared with no diabetes. There is a gradient of decreased survival across the three groups, from best survival for the no-diabetes group to worst survival for the severe hyperglycaemia group. The log rank statistic was P = 0.05, indicating a borderline statistically significant difference among the curves. Formal testing for the presence of a non-proportional hazard, indicating a potential interaction between diabetes status and follow-up time, was not significant. Table 2 presents results from the sequential Cox proportional hazards regression models assessing the HR for all-cause mortality for women with no diabetes, and diabetes with mild, moderate and severe hyperglycaemia, adjusting for key covariates. The reference group is the group without diabetes and this analysis displays explicitly the trend of increasing mortality with increasing level of hyperglycaemia. The models build from the baseline model, adjusted only for age, to a fully adjusted model by sequentially adjusting for different categories of covariates. In the fully adjusted model, among all the covariates tested, diabetes with severe hyperglycaemia had the largest HR, and diabetes with moderate hyperglycaemia had the second largest HR, for all-cause mortality. The test for trend of increasing HR by group (normoglycaemia, mild, MMSE, Mini-Mental State Examination. *P < 0.01 for trend across the four groups. †P < 0.01 for trend across the three groups.
Figure 1
The Kaplain-Meier survival curve for the three analytic groups of disabled women-those without diabetes, those with diabetes and mild to moderate hyperglycemia [glycosylated haemoglobin (GHB) < 11% measured using low-pressure cation exchange chromatography, Ciba Corning 765 Glycomat; reference range 5-8.6%], and those with severe hyperglycemia (GHB ≥ 11%). Vital status was ascertained between 5 and 6 years from study entry for all the women. Diab 0 = no diabetes (normoglycaemia); Diab 1 = diabetes with mild or moderate hyperglycaemia; Diab 2, diabetes with severe hyperglycaemia. moderate and severe hyperglycaemia) was highly significant ( P < 0.001). Other variables with a significant effect on allcause mortality included smoking, low BMI, low cholesterol, CHF, MI, stroke and PAD. Table 3 compares the associations of baseline diabetes status with cardiovascular and non-cardiovascular mortality over the 6 years of follow-up. The number of deaths for the diabetes groups is small so the mild and moderate group were again combined. The HR for cardiovascular deaths did not achieve statistical significance for either group (mild /moderate, and severe) compared with the group without diabetes. However, the HRs for non-cardiovascular deaths, both age-adjusted and fully adjusted, were large and statistically significant for women with diabetes in both groups, relative to the group without diabetes. 
Discussion
Our results demonstrate that in older women with moderate to severe disability, and numerous other potential causes of mortality, those with diabetes have excess mortality risk compared with those without diabetes after adjusting for competing causes of death. Beyond that, an independent effect of diabetes on mortality was found in women with mild, moderate and severe hyperglycaemia even after adjustment for cardiovascular risks and prevalent atherosclerotic diseases. It might be expected that severe hyperglycaemia would be associated with increased mortality, but mild /moderate hyperglycaemia is not always considered as important to health outcomes as cardiovascular comorbidities in older diabetics. Our finding of a trend of increasing mortality risk with increasing hyperglycaemia suggests that hyperglycaemia itself may, in part, contribute to excess mortality. There are several biologically plausible pathways through which hyperglycaemia could affect mortality: through effects of hyperglycaemia on worsening vascular disease, direct vascular toxicity of hyperglycaemia, or through an association of hyperglycaemia with inflammatory or other biomediators. The effect of hyperglycaemia on mortality brings to the forefront the issue of glycaemic control in older, disabled people with diabetes. Although severe hyperglycaemia may be most problematic, mild and moderate also have an effect when compared with normoglycaemia.
Diabetes with increased hyperglycaemia may confer increased risk of mortality because increasingly severe hyperglycaemia can be viewed as a marker for severe, longstanding diabetes. It is clear from the UKPDS that the progression of Type 2 diabetes is associated with the progression of hyperglycaemia [31] . Severe hyperglycaemia is associated with increased diabetes duration, increased management difficulty, and increased adverse outcomes, particularly microvascular complications [32] . However, whether the mortality gradient associated with increasing levels of hyperglycaemia is considered a dose-response and /or a diabetes severity effect, this excess mortality is not completely explained by atherosclerotic complications of diabetes.
Although not the focus of this paper, our models also demonstrate other clinical covariates associated with excess mortality. Most are expected, such as heart failure and coronary artery disease. Low BMI and low cholesterol are associated with mortality in this sample of older disabled women. This is consistent with previous research that has also shown both low BMI [23, 33, 34] and low cholesterol [35] [36] [37] to be associated with excess mortality in older adults, probably because they are markers for disease and /or undernutrition. The relationship of BMI to mortality in older adults has been noted to be 'U-shaped', with both low and high BMI associated with increased mortality [33] . Unfortunately, these observational associations still do not answer questions about the risk and benefits of weight loss among older adults, particularly those with chronic diseases. Low cholesterol in some older men may be related to both decreased synthesis and absorption [38] and has been associated with low albumin [35, 37] . However, evidence that older adults with atherosclerotic disease benefit from cholesterol lowering is accumulating, and differences in pathophysiology of different chronic diseases will probably be shown to explain apparent differences in cholesterol and health outcomes in older people. In our sample of older women studied during the early 1990s, cholesterol-lowering medications would rarely have been prescribed, but that information was not available for this study.
It appears from these data that the effect of diabetes on mortality in older disabled women occurs via a broader range of pathways than clinical vascular disease alone. In our population-based study, diabetes at either level of hyperglycaemia showed an independent HR for all-cause mortality after statistically controlling for vascular disease risks and presence of vascular disease. In addition, there appears to be increased HR of non-cardiovascular mortality due to diabetes with either mild /moderate or severe hyperglycaemia, although the number of deaths among women with diabetes was small. Other studies have also found an increased risk for non-cardiovascular mortality in people with diabetes [1, 3, 10, 14, 39, 40] . In our study, the absence of cardiovascular mortality risk may be a type 2 error due to relatively small sample size or related to self-exclusion of women with long-term consequences attributable to diabetes and hyperglycaemia. However, it is clinically plausible that for older disabled women, who have survived for many years with their diabetes and prevalent vascular disease, diabetes is associated with general debility leading to death from non-cardiovascular causes. Further study is needed to confirm and better understand this increased risk of noncardiovascular death in this subpopulation of older adults.
A limitation of our study was the relatively small number of women with diabetes. We were able to include women without previously diagnosed diabetes due to the inclusion of other clinical data to support this diagnosis. It is likely that women remain in the non-diabetic group who would be diagnosed with diabetes under current criteria. However, this misclassification bias should have caused attenuation of our findings so that a greater difference between the non-diabetic women and those with mild and moderate hyperglycaemia would be expected with improved classification. In addition, because of the lack of standardization among older GHB assays, the actual value of GHB in our study is not meaningful. However, categorization is a reasonable way to test the dose-response hypothesis regarding the effect of severe hyperglycaemia on mortality. Another limitation is that neither preclinical atherosclerotic disease nor severity of vascular disease was measured in our study, leading to possible incomplete adjustment for vascular disease. Finally, variables were measured at baseline, so incident and worsening vascular disease could not be included in our models, although we did study cardiovascular deaths.
Despite these limitations, our study had the benefit of a cohort of disabled women living in the community, a group who ordinarily exclude themselves or are excluded from research studies. The use of sampling from the Medicare database instead of volunteer recruitment, and home visits instead of travel to a study clinic, allowed us to study a representative subset of community-dwelling disabled women. We had extensive covariate data, including adjudicated chronic diseases, GHB, cholesterol, BMI, mortality and cause of death ascertainment. The significance of our findings despite low statistical power supports the potential importance of these observations, which heighten questions about the importance of hyperglycaemia to mortality in older disabled women. This population is of great clinical importance as a rapidly growing demographic group in the USA with a nearly 20% prevalence of diabetes [41] . These older diabetic women have all the characteristics that confuse treatment approaches toward diabetes in older adults: long diabetes duration; high prevalence of vascular complications; high prevalence of other comorbid conditions related and unrelated to diabetes; high prevalence of disability; and selective survival, by definition. Our data demonstrate an effect of hyperglycaemia on all-cause mortality over 6 years in disabled older women that is not fully explained by vascular disease; this effect increases with increasing hyperglycaemia. These findings suggest the need to manage moderate and severe hyperglycaemia in even the oldest, most disabled women in the community; more research is needed to understand the risks and benefits of managing mild hyperglycaemia in older women.
